Introduction
The definitions of mobile bond order and total bond order given in part I were originally introduced by Coulson (1939) , who calculated bond orders for a number of unsaturated hydrocarbons and found a smooth relation between bond order and bond length. In this paper we shall be primarily interested in changes in bond order, consequent upon changes in Coulomb terms or resonance integrals. Such changes occur when, for example, a molecule vibrates, owing to the variation of resonance integral with bond length, or when one or more atoms in a molecule are altered, as in chemical substitution. In this investigation we shall use the notation and nomen clature given in part I of this series; in particular, the concept of mutual bond polarizability is helpful when we are discussing changes in bond order arising from small changes in bond length. I t is therefore convenient to begin by establishing a few general results about mutual bond polarizabilities: in parts IV and V these results will be applied quantitatively to particular problems.
In the previous part it was shown th at in a rather special type of hydrocarbonconveniently described as an alternant hydrocarbon-the mutual polarizability of two atoms was positive or negative according as the atoms were separated by an even or odd number of unsaturated bonds. A similar result will now be proved about the mutual polarizability of two bonds in an alternant hydrocarbon.
Let A(n) denote the secular determinant for an alternant hydrocarbon with n unsaturated carbon atoms. Then if n is even, A(n)(w/) = A(n)( -by equation (5), part II. Therefore if y is real, A{n\iy ) is real. But A has no zer axis, by hypothesis; therefore A(n\iy ) is constant in sign. A (n\iy ) is ( -iy)n. Therefore if n■ = 4 n = 4p + 2, A (n)( i y ) is real and negative. On the other hand, if n is odd, A(n)(iy) is i times some real polynomial in y2, since A = -A(n) ( -iy) . Now A^n\iy) is zero a t the origin, but nowhere else on the imaginary axis; therefore the real polynomial is constantin sign. But the first term of A(w)(£y) is ( -iy)n; therefore if 4p + 1, A(n)(iy) = -iyP, where P is a real positive function, whereas A(n\iy ) = iyP, where P is real and positive. To summarize, A = P, -iyP, -P or iyP according as n = 0, 1, 2 or 3 (modulo 4), where P is real and positi real values of y.
I t follows th a t A(m)(iy)/A^n)(iy) -Q, iyQ,
or -iyQ according as -m = 0,1,2 or 3 (modulo 4), where Q is real and positive for all real values of y except possibly y = 0, where it may become infinite.
Now consider a conjugated system containing two bonds rs and tu such th a t all routes from atom r to atom u traverse atoms s and t (see figure 1). Let l be the number of bonds along any route between atoms s and t. Then by I (78) the summations being taken over all routes between atoms s and t. (We have put all the ft' s equal only for the sake of clarity.)
Variation of bond orders with resonance integrals
and
Now suppose th a t the values of l for the different routes all have the same residue (modulo 4). Then, since -/? is a positive quantity, it follows from (2) th a t 
The most im portant application of this result is to alternant hydrocarbons such as the diphenyl-polyenes, which contain linear chains of unsaturated carbon atoms. The mutual polarizability of two bonds in such a chain must be positive or negative according as they are separated by an even or odd number of other bonds, regardless of what unsaturated hydrocarbon groups are attached to the ends of the chain.
Another application is to the o-and p-triphenyls (see figure 2) , where by (6) the mutual polarizability of bonds a and 6 must be negative. B ut (6) cannot be applied to ra-triphenyl, since one route between a and 6 traverses four other b^nds, and the other two, and these two numbers have different residues (modulo 4). In calculating numerical values for m.b.p.'s in unsaturated hydrocarbons, as in calculating bond orders, we assume all the carbon-carbon resonance integrals equal, with a value /? say. I t is then possible to calculate both the orbital energies, as multiples of /?, and also the coefficients crj, which do not depend on the value of /?.
But it must be recognized that in molecules where there is a great disparity between the various bond lengths, the numerical results obtained below are liable to a certain error. This is not because the formulae (e.g. equation (8)) are themselves invalidthey are not, since, for example, (8) holds even if the resonance integrals are not all equal-but because in practice we nearly always make our calculations of the coeffi cients cri under the assumption that every fir8 = /?. For aromatic and condensed systems generally the errors in such an assumption are likely to be very small; but for butadiene (see later) they may be appreciable.
in
Now by equation I (19) = 2 £ crjc8j,
and by II (10), for an alternant hydrocarbon in in r8,tu = ^ S 2 i = 1 1 I t is interesting to observe first, th a t the m.b.p.'s involving a given bond alternate in sign as we move away from the bond, and secondly, th a t the interactions between bonds in different rings are not as small as might have been expected by analogy with mutual atom polarizabilities.
The electronic structure of conjugated . I l l Values of /? x nrs tu are given in table 2. Table 2 1 Here the m.b.p.'s of bonds in the ring are close to those in benzene. Also, it will be observed th a t the self-polarizability of a bond is smaller the nearer the mobile order lies to unity.
The polyenes (general formula CH2(CH)n_2CH2). Coulson showed th at the secular equations are satisfied by e, = 2/ ? c o s^L ,
c'< = J (^r i} sin^r i
and th at when n is even the bond orders are given by
Pr.r+1 = 2j U , < w w = ; r T r H ec^+ < -> '_ W c i i^} -<u )
Coulson did not discuss the case of n odd. In such molecules the unpaired electron makes no contribution to the bond orders, and so
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Both the right-hand side of (11) and that of (12) are unaltered when we write n -r + 1 for r ; hence the bond orders are symmetric about the central atom or bond in the chain. The mobile bond orders are alternately greater and less than cot (or cosec)
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in each half of the chain, the differences being smaller near the middle; and the mobile order of a bond near the middle of a long polyene chain is approximately 2/tt, whether n is even or odd. By equation (61) of I, the mutual polarizability of a pair of bonds in a polyene is i J ^ (13)
For two bonds in a chain this must be positive or negative according as the bonds rs and tu are separated by an odd or even number of bonds, as proved in (6) above.
In the notation of II, therefore, the mutual polarizability of two bonds r,r-\-\ and t, t-l-1 in a polyene chain ( r<t) is:
where each D is taken as a function of iy. By similar reasoning to th at used in II this may be proved equal to
This expression may be simplified in special cases, e.g.: (a) For two bonds in the middle of a long polyene chain, n, r and n -t are all large; therefore^ U V zX -^d z nr,r+l;t,t+l-p n j ^ 22 _ , •
This takes the values -0*273, 0*151, -0*104, 0*078, x 1//? when t -r equals 1,2, 3, 4 ,....
(6) For two bonds in a long polyene chain, when one bond is at the end of the chain, the mutual polarizability is
This takes the values -0*25, 0*12, -0*07, ..., x 1//? when t equals 2 ,3 ,4 ,.... Equation (14) does not hold when t -r ,t h a t is, f bond in a polyene. For by equation (13) nr,r-n;
This may be proved equal to
(19) may also be simplified when n is large: (a) For a bond in the middle of a long polyene chain, when r and -are both large, equation (19) for the self-polarizability becomes
6) For the terminal bond in a long polyene chain (19) becomes
Disregarding self-polarizabilities, therefore, we see th a t in all the above special cases the mutual polarizability of a pair of bonds in a long polyene decreases with distance, as well as alternating in sign. Here again, therefore, as in styrene, the higher the order of a bond, the lower is its self-polarizability. I t should be remembered th at all the above values of bond orders and m.b.p.'s have been calculated on the assumption th at the resonance integrals of all the bonds are equal in all the molecules discussed. In p art V we shall take into account variations in /?, and see how this affects the calculated values of bond lengths and bond orders.
V a r i a t i o n o f b o n d o r d e r s w i t h Co u l o m b t e r m s
Having considered changes in bond order arising from changes in resonance integrals, which in their turn depend on bond lengths, we may now enquire how bond orders change when the Coulomb term of one or more atoms of the system is altered, as for instance in chemical substitution.
Now in an alternant hydrocarbon, by equation (21) of II, all bond-atom polariz abilities are zero; th at is, a small change in the Coulomb term of atom r produces only a second-order change in the order of bond st. I t would therefore be roughly true to say, for example, th a t the bond orders in quinoline are equal to those in naphthalene. But in fact it is possible to make more precise deductions about the bond orders in a molecule in which the Coulomb term of one atom departs consider ably from zero.
• Consider a molecule such as aniline, derived from an odd-numbered alternant hydrocarbon by replacement of one carbon by a hetero-atom, the total number of 7r-eleetrons being increased by one. Then for one atom (atom r, say) a will be negative, and by the result of II, p. 30, all the occupied mobile orders will have negative energies. I t follows th at we can apply I (42), viz.:
where A* refers to the hetero-molecule. If A denotes the secular determinant for the parent hydrocarbon, this may be expanded to give 
I t follows from II, table 1, th at the numerator in the first integrand in (22) is an odd function, and the denominator an even function; therefore the first integral is zero.
As for the second integral in (22), both numerator and denominator are real, and by II (5), A2 and -a2 A2 r have the same sign. 
For example, the bond orders in aniline he between those in benzyl and those in benzene. This Iheorem only holds if corresponding resonance integrals are equal in the hetero-molecule and the related hydrocarbons, but if this restriction is borne in mind, not only is the result useful in fixing limits for bond orders in hetero molecules, but it also provides an alternative picture of the changes in bond order which are thought to arise from the occurrence of subsidiary resonance states. Take pyridine for instance. From the resonance standpoint, all the structures in figure 6 are supposed (e.g. Sidgwick 1937) on chemical grounds to contribute to the state of the molecule, causing, besides displacements of charge, differences in bond order from benzene: bonds a, and to a lesser extent bonds c, will have lowered orders, and bonds b will have slightly enhanced orders. By the mobile order theory, according to ( As a final example let us consider acrolein. The electron affinity of oxygen is much greater than th at of carbon, so that a for the oxygen atom in acrolein is large and negative. This causes the electron densities to be alternately large and small along the chain, as proved in II; and if the resonance integrals of all the unsaturated bonds were equal, the bond orders in acrolein would necessarily have values inter mediate between those in butadiene and those in the allyl radical, by (23). Such effects would correctly be described by the usual ^-symbols and curved arrows of the organic chemist (see figure 7 (6)), which are intended to express the difference between a molecule such as acrolein and its parent hydrocarbon butadiene (Wheland 1944) . However, the resonance integral for the C-O bond is certainly much larger than th at of the C =C bond, and this means th at the mobile orders of the first and third bonds in acrolein will tend to be increased at the expense of the second, from what has been proved about m.b.p.'s in chain molecules. The direction of change of bond order as we pass from butadiene to acrolein is therefore governed by two con flicting effects; and numerical calculations (Coulson 1946) show th at in fact the C-C bond in acrolein has a lower order than the C-C bond in butadiene. Thus although the ^-symbols describe correctly the charge distribution in acrolein, the curved arrows give a false picture of the differences in bond order between this molecule and butadiene. The divergence between the present semi-quantitative treatm ent and the quali tative resonance picture arises entirely from the fact th at the resonance integral of C = 0 is large compared to that of C =C ; however, in nitrogen compounds we should expect concordance between the two accounts, since the resonance integrals of C = C and C = N are nearly equal.
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IV. Force constants and interaction constants in unsaturated hydrocarbons
In this part it is shown that the fore© constant of a bond in a conjugated system depends upon its ' self-polarizability ' as well as upon its mobile order, and that the interaction constant between a pair of bonds is closely related to their 'mutual polarizability'. The theory is applied to benzene, where good agreement is found with the scanty evidence available, and to naphthalene and butadiene, for which at present the force constants are not known.
I n t r o d u c t io n
In discussing the vibrational frequencies of a molecule in a given electronic level it is convenient to begin by dividing the energy of the molecule into two parts, namely , the kinetic energy of the nuclei, and V ', the vibrational potential energy, which depends solely upon the configuration of the nuclei. If qv q2, ... is any set of co ordinates specifying completely the internuclear distances and angles, then V ' may be expanded as a Taylor's series about any configuration q1}q2, ... as follows:
ŵ m (q ,~q'] where jdqr denotes the value of /dqr in the given configuration. Now if qx, q2, ••• refer to the equilibrium configuration, then the first sum on right vanishes; and if the displacements are small, the triple sum will be negligible compared to the double sum. Under these conditions, therefore d2in < h, 9* •••)-* 2 S g p = -(9 ,-9,) (9s-9s).
In general the co-ordinates qr may be chosen in several different ways. Usually a valence-force treatm ent (Bjerrum 1914 ) is adopted; th at is, the potential energy is expressed in terms of the distances xr between bonded ato bonds to an atom, together with any other parameters which are needed to fix the configuration unambiguously, for instance the relative orientation of the two CH3 groups in ethane.
d
V '/ d x is then referred to as the force constant o and d2/f~ jdxrdxs as the interaction constant of bonds r and s *
In a valence-force treatm ent it often happens th at the frequencies of vibration can be accounted for satisfactorily by assuming a potential function in which the interaction terms involving the product of two different co-ordinates are zero or very small. However, in many molecules it is necessary to introduce such cross terms into the potential function in order to secure agreement with observation. In a valence force potential function cross terms may obviously be of three types, representing interactions between two bonds, a bond and an angle, or two angles. A discussion of the different effects responsible for such interactions has been given by Coulson, Duchesne & Manneback (1947) . However in this paper we shall be concerned exclusively with resonance interactions between pairs of bonds in a conjugated system. I t will be shown th at the mobile electrons in such molecules would be expected to give rise to interactions between unsaturated bonds, and th a t the interaction constants are closely related to the mutual bond polariz abilities (m.b.p.'s) defined in I.
* To avoid confusion it should be pointed out that in this paper the suffixes r and in xr, x" fir, /?" 7 Tr > r and nr>, denote bonds, not atoms. Thus nr>s stands for the mutual polarizabili of the bonds r and s, whereas in papers I and II it indicated the mutual polarizability of atoms r and s, and mutual bond polarizabilities were denoted by nr$ttu, etc. The only exception to this scheme of notation is in the relation of the theory to benzene and naphthalene, where a previously existing notation has been incorporated in our comparison with experiment.
Form of the vibrational potential energy
In order to calculate force constants and interaction terms it is necessary to make some assumptions about the dependence of upon bond lengths and angles. The assumptions th at we shall use will be the same as those originally introduced by Lennard-Jones (1937) , and summarized by Lennard-Jones & Coulson (1939) : we shall repeat their equations in this section for the sake of clearness.
For any change of configuration in the carbon skeleton of an unsaturated hydro carbon one may formally write
where 3? is the energy of the cr-bonds and £ the total energy of the 7r-electrons. If we ignore changes in energy due to angular distortion, and interactions between different cr-bonds, we may follow Lennard-Jones, and put
where cr, s are the force constant and length of a pure cr-bond, and is the length of the rth bond. £, on the other hand, is most conveniently expressed as a function of the resonance integrals of the unsaturated bonds, the resonance integral /?r of the rth bond depending only on its length xr. For this dependence Lennard-Jones assumed so th at 2/?r = const.
where k, d are the force constant and length of a pure double bond, (cr and k in our notation stand for 2 ks and 2 Kd in the notation o
B ond lengths in equilibrium
The conditions that the bond lengths shall have their equilibrium values xr are th at -z-= 0 for each bond. oxr But by (3) d^d£_ dxr dxr + dxr dfir * 
This could be written (see Coulson 1939) s -d
The electronic structure of conjugated . I V
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Pr / and suggests th a t in quite general form, the relation between mobile order and length x should be ^x
where A , B and C are constants which will have different values for each type of bond, e.g. C-C, C-O, C-N. In view of the theoretical basis for such a formula as (8), and its satisfactory agreement with experiment, there does not seem to be any great advantage to be gained from introducing other entirely empirical relation ships between x and p, as has recently been proposed (Kavanau 1944; Lagermann 1946; Bernstein 1947; Gordy 1947) .
F o r c e c o n s t a n t s a n d i n t e r a c t i o n t e r m s
By equation (3) But # is a function of the /?' s, and each /? is a function of the corresponding bond length; therefore the right-hand side becomes
where nr r is the self-polarizability of the rth bond (see I). Substitution for xr from (7) gives 03^.
Similarly, the interaction constant of bonds r and s is given by
where nr s is the mutual polarizability of bonds r and s. Equations (9) and (10) 
The above equations have an interesting physical significance. The force constant of a bond appears as the sum of two terms, the first of which is linearly related to the bond order, whereas the second term depends principally on the self-polariz ability of the bond, and has the form of an interaction constant. We see therefore th at (a) the force constant of a bond depends on its self-polarizability as well as on its mobile order, and (6) the interaction between two bonds is proportional to their mutual polarizability, but also depends on their mobile orders.
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One of the simplest molecules to which equations (11) and (12) (9) and (10) These figures may be compared with those given by Duchesne & Penney (1939) on the basis of the vibrational spectrum of benzene, viz.: x 105dyne/cm. x 105 dyne/cm. and, with certain auxiliary assumptions, including th at 0, x 105dyne/cm.
F + 2F0
Although the data are scanty, agreement is fair, particularly as there is con siderable uncertainty as to what values should be taken for s, d, ar, k and For tunately, however, we have been able to show, by taking somewhat altered numerical values for some of these quantities, th a t even if different values were chosen, the calculated cross-terms would still be of the right order of magnitude. In the last force constant the discrepancy may be partly due to the inaccuracy of the secondary assumptions made by Duchesne & Penney in evaluating the empirical cross-terms; in particular, it cannot be correct to assume th a t = 0. A better assumption would be th a t F0 :Fm : Fp = -11:7 : -5 as suggested theoretically by (12) While the assumptions of the present theory seem to be more or less valid for benzene, it should be realized th a t benzene is a particularly favourable test case, for the following reasons:
(а) In calculating bond orders and mutual bond polarizabilities-and hence force constants and interaction terms-it is necessary to assume the resonance integrals of all the unsaturated bonds equal, in order to avoid unmanageable mathematical complexities. Almost the only hydrocarbon for which this is true is benzene, since in other molecules the unsaturated bonds will differ in mobile order and therefore in length and resonance integral.
(б) In deriving equations (11) to (13) we have neglected changes in bond angle, and in five of the planar vibrations of benzene the ring angles are unchanged.
(c) Equation (5), which implies a parabolic variation of ft with bond length, will probably not hold over a wide range of x, but this does not m atter in benzene, since even when the molecule is vibrating the differences between the bond lengths are small. a vibration by Aa:1_2, etc., then the following relations hold in the above symmetry classes:
AX g Ax9_10 = a, say. A#9_i = A#9_8 = Ax10_4 = Ax10_5 = 6, say, Aa?i_a = A#3_4 = Aa:5_6 = Ax7_8 = c, say, Although the parameters used in the calculations were the same as those used for benzene, the figures above would probably not be greatly affected if the parameters were assigned slightly different values. Attention is drawn to the signs of the interaction constants, no less than three of which are negative; and to their high values in the vibrations of species B Zu. This table also shows how dangerous it is to speak of 'the force constant for a bond'. If, for example, there were no interaction between the bonds 9-1, 9-8, 10-4 and 10-5, all four entries in the row labelled d2 /f~would be equal, although the letter b represents different normal co-ordinates in the different symmetry classes. In fact, 02T^/062 varies over almost a factor of two. There is a close parallel here to some work (Thorndike, Wells & Wilson 1947) on the intensities of infra-red absorption where, for example, it is shown from a careful analysis of experimental observation th a t the dipole moment of C-H in ethylene has effective values th a t range from 0*37 to 0*77 Debyes according to the type of vibration th a t is being excited. We are forced to the conclusion that, particularly in conjugated systems, neither the dipole moment nor the vibrational potential energy of a molecule are sums of contributions from the separate lengths and angles, but th a t both quantities involve also significant cross terms between these co-ordinates. I t will also be noticed th a t the interaction terms are sometimes quite large, even up to 2/3 of the force constants. Evidently no empirical representation of the force fields of molecules of this type is likely to be found which does not include a large number of such cross-terms.
(ii) A pair of unsaturated bonds in a conjugated system will in general interact, the interaction constant being proportional to the mutual polarizability of the bonds, but also involving their mobile orders.
(iii) Owing to the nature of the approximations occurring in the theory, one would expect the equations to hold most exactly for molecules in which there is not much variation in mobile order between the bonds; indeed, the theory is in moderately good agreement with the experimental data for benzene.
(iv) The theory takes no account of interactions between <r-bonds. The fact th at in many saturated molecules (e.g. CC14) the observed frequencies of vibration imply considerable cross-terms in the potential function (Herzberg 1945 ) means th at this will not in general be a valid approximation; in fact, preliminary work (unpublished) on the chloroethylenes indicates th at the present theory is not general enough to account for their potential functions. But this does not seem to apply to hydrocarbons; for instance, in CH4, a simple valence-force potential function without cross-terms gives a satisfactory interpretation of the vibrational spectrum.
To sum up, although the present theory takes no account of angular strain or (r-bond interactions, its comparative success when applied to benzene suggests th at in unsaturated hydrocarbons the interactions between the unsaturated bonds arise primarily from the mobile electrons.
